Background. Although cannabis abuse (CA) is known to be associated with schizophrenia, the causal nature of this association is unclear, with prodromal effects complicating its interpretation.
Introduction
A long history of empirical evidence shows an association between cannabis use and symptoms of psychosis (for reviews, see D 'Souza, 2007; Minozzi et al. 2010) . Three main inferences may be drawn from this extensive body of research. First, cannabis intoxication may lead to transient psychotic episodes (Negrete et al. 1986 ; Thornicroft, 1990; Mathers & Ghodse, 1992; Sewell et al. 2009 ). Second, cannabis use seems commonplace among individuals who are vulnerable to, or have pre-existing symptoms of, psychosis and/or schizophrenia (Linszen et al. 1994; Dixon, 1999; Degenhardt et al. 2003; Koskinen et al. 2010) . Third, although there is empirical evidence to support the theory that cannabis use is a component cause of schizophrenia (Andreasson et al. 1987; Arseneault et al. 2002; van Os et al. 2002; Weiser et al. 2002; Zammit et al. 2002; Veling et al. 2008; McGrath et al. 2010) , the 'etiologic' hypothesis remains controversial (Fergusson et al. 2006; Moore et al. 2007; McLaren et al. 2010; Sevy et al. 2010) . In this study we focused on the third point and investigated the degree to which the association between cannabis use and schizophrenia is causal.
Evidence supporting causality, according to 'Hill's Postulates' (Hill & Hill, 1991; Goodman & Phillips, 2005) , includes specificity of association (van Os et al. 2002; Zammit et al. 2002) and a dose-related response (Arseneault et al. 2002; Veling et al. 2008; Di Forti et al. 2009; McGrath et al. 2010) , with heavy cannabis users (cannabis abusers) having a sixfold increase in risk of future diagnosis of schizophrenia (Andreasson et al. 1987; Zammit et al. 2002) .
Of all the suggested causal criteria, however, only temporality is labeled 'essential'; that is, exposure must occur prior to disease onset (Hill & Hill, 1991; Goodman & Phillips, 2005) . Prodromal effects common to schizophrenia could make temporality difficult to establish; affected individuals may suffer from a variety of non-specific symptoms (anxiety, depression, concentration problems, etc.) that occur months to years prior to the manifestation of full schizophrenic illness (Klosterkotter et al. 2001; Cornblatt et al. 2003) . During this time, individuals may use cannabis either as a result of the prodromal illness or in an attempt to treat their emerging symptoms. One review assessed current evidence of association between cannabis use and psychosis/schizophrenia alongside Hill's causal criteria and concluded that '[this observed] association may reflect a causal relationship ' (McLaren et al. 2010) . However, the same review recognized the need for future research '[to] control for important environmental and biological confounding factors'.
Given the consistent evidence for strong familial/ genetic contributions to both schizophrenia and cannabis use and misuse (Tsuang et al. 1996; Kendler & Prescott, 1998; Kendler et al. 2000; Sullivan et al. 2003; Verweij et al. 2010 ), a substantial concern should be that some or all of the association between cannabis use and schizophrenia arises from familial confounding. However, to date, only one prospective study has attempted to control for such confounders by using a sibling-pair analysis (McGrath et al. 2010) . Sibling pairs are a natural experiment; they each share 50% of their parents' genes, often share a similar prenatal environment and share similar environmental factors as they grow up (Lawlor & Mishra, 2009 ). Investigating sibling pairs who are discordant for cannabis use, alongside a general population sample, permits an assessment of the degree to which observed associations between cannabis use and schizophrenia are confounded by familial (genetic and/or shared environmental) factors.
An extension of this methodology is the co-relative control design that includes other relatives, in particular half-sibling and first-cousin pair comparisons; half-siblings share on average 25% of their genes, and cousins 12.5%. Shared environmental influences also decrease across the three co-relative groups, the presumption being that cousin pairs are the group likely to spend the least time together growing up. The use of a co-relative design may therefore provide a more convincing case as to the nature and extent of familial confounding, particularly if an expected gradient is observed, as familial confounding is increasingly controlled.
The aim of this study was to investigate the causal nature of the association between cannabis abuse (CA) and a future diagnosis of schizophrenia. We used longitudinal national data containing independent observations of CA prior to later hospital diagnosis of schizophrenia. We tested the etiologic hypothesis that CA is one direct cause of schizophrenia using a co-relative control design and then proceeded to consider the specificity of this association and temporal issues surrounding potential prodromal effects.
Method
Our study used linked data from multiple Swedish nationwide registries and healthcare data. Linking was achieved through the unique individual Swedish 10-digit personal ID number assigned at birth or immigration to all Swedish residents. 
Sample
First, we identified all individuals in Sweden diagnosed with schizophrenia over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . From these, we identified all individuals under 50 years of age at the time of their initial schizophrenia diagnosis (n = 5456). Each individual was then matched to five controls based on gender, age and country of birth, and without a diagnosis of schizophrenia from 1987 to 2010. Our main exposure variable was CA. In both cases and controls, CA was defined only if the individual was registered as a cannabis abuser prior to the date of their first diagnosis of schizophrenia. We investigated the association between CA and individual schizophrenia risk in the general Swedish population using conditional logistic regression.
Second, we compared the results from the Swedish general population with results from a co-relative design. By means of the Swedish Multi-Generation Register, we identified all first-cousin, paternal and maternal half-sibling and full-sibling pairs who were born within 10 years of one another. We separated paternal and maternal half-siblings because, although they shared their degree of genetic resemblance, Swedish maternal half-siblings were much more likely to live together while growing up than paternal halfsiblings (Frisell et al. 2012b ).
Statistical analysis
To adjust for an array of potentially confounding genetic and environmental factors, we used conditional logistic regression to examine all co-relatives pairs discordant for CA. In these analyses, only pairs discordant for schizophrenia are informative. If the individual with CA had a schizophrenia diagnosis, the CA registration had to be recorded prior to the schizophrenia diagnosis. Pairs in which one member had a registration of schizophrenia prior to year 2000 were excluded.
To consider potential prodromal effects, we also investigated the time between CA and schizophrenia diagnosis at 1-, 3-, 5-and 7-year intervals. Monozygotic (MZ) twin pairs discordant for CA exposure would be of particular interest in these analyses as they provide complete control for genetic and familial-environmental confounding. However, less than five MZ twin pairs met our definition of discordance. Therefore, we estimated values for discordant MZ pairs based on the observed results from other relationships, that is by fitting a regression line to the β coefficients from the five analyses (general population, cousins, paternal half-siblings, maternal half-siblings and siblings). We assumed values of additive genetic effects (A) from genetic expectations. The shared environmental estimates (C) were calculated from the entire Swedish population born during the period 1970 to 1985 from a dataset for all possible relative pairs. Based on age difference, we calculated the percentage of possible time spent in the same household up to age 15. For example, a full sibling pair born 5 years apart that spent 10 years in the same household was given the value 1 whereas a pair born 5 years apart that spent 5 years in the same household was given the value 0.5. The A and C mean estimates for each relative pair group were used for the extrapolation: We conducted two further sensitivity analyses to test the robustness of the results from our main analyses: (i) individuals had to have two separate registrations for both CA and later schizophrenia; and (ii) individuals with diagnoses of any drug psychoses and/or bipolar disorder were excluded from the schizophrenia cases (see online Appendix for ICD codes). We also tested the specificity of the association by investigating the association between CA and major affective disorder defined as bipolar or major depressive disorder (see online Appendix for ICD codes). Finally, we tested for substance specificity by investigating associations between abuse of other drug classes and later schizophrenia. All statistical analyses were performed using SAS version 9.3 (SAS Institute, 2008) .
Results
From all schizophrenia cases derived from the Swedish general population, 10.28% were recorded as cannabis abusers prior to diagnosis, compared with 1.17% among controls. The mean number of days between registration for CA and subsequent diagnosis of schizophrenia was 2701 (S.D. = 2355), that is approximately 7 years 3 months.
General population sample
As shown in Table 1 , in the general population there was a large increased risk of diagnosis of schizophrenia if an individual had a prior registration of CA [odds ratio (OR) 10.44, 95% confidence interval (CI) 8.99-12.11]. As the required time between CA and schizophrenia diagnosis was increased, this risk was attenuated but remained substantial and significant at 7 years (OR 4.24, 95% CI 3.54-5.07).
Co-relative control samples Table 1 also demonstrates the effect of the removal of familial confounding on the association between CA and a future schizophrenia diagnosis. As the degree of sharing of genetic and environmental factors increased (from first-cousin to full-sibling pairs), the association between CA and schizophrenia decreased (OR full-siblings 5.07, 95% CI 4.17-6.16). As in the general population, the co-relative risk was attenuated as the required delay between CA and a schizophrenia diagnosis was increased. The risk for schizophrenia remained significant although modest at 7 years, even in full-sibling pairs (OR 1.98, 95% CI 1.59-2.48). Table 1 also contains our extrapolated estimates for MZ twins discordant for CA. Controlling for all of the genetic and familial-environmental factors, we estimated ORs between CA and schizophrenia ranging from 3.92 with no time lag to 1.67 after 7 years.
Sensitivity and specificity analyses
As shown in Tables 2 and 3 , after requiring two separate registrations of CA prior to two separate later diagnoses of schizophrenia, the observed association increased modestly in the general population but was similar or slightly attenuated in maternal half-sibling and full-sibling pairs and in our extrapolated discordant MZ twin pairs.
Having excluded all individuals with diagnoses of bipolar disorder (Lichtenstein et al. 2009 ) and/or any drug-induced psychosis prior to and after initial schizophrenia diagnosis, the association between CA and schizophrenia was slightly attenuated in the general population but little changed among close relatives and our estimated MZ pairs.
CA registration was significantly associated with a later diagnosis of major affective illness in the population (OR 2.98, 95% CI 2.75-3.17). This association was decreased but remained significant in full-sibling pairs (OR 1.63, 95% CI 1.49-1.77) but was fully attenuated in our extrapolated discordant MZ twin pairs. Table 3 shows the observed associations between abuse of opiates, sedatives, cocaine/stimulants and hallucinogens and subsequent schizophrenia after excluding CA cases. In the general population, abuse of all four drug classes was strongly associated with schizophrenia, especially sedatives and hallucinogens. However, these associations were substantially attenuated in relative pairs. In our extrapolated discordant MZ twins, only cocaine/stimulant abuse remained associated with future schizophrenia risk.
Discussion
The aim of this study was to investigate the causal nature of the association between CA and the future diagnosis of schizophrenia using national-level data and a co-relative control design. As the risk for CA and schizophrenia runs strongly in families (Tsuang et al. 1996; Kendler & Prescott, 1998; Kendler et al. 2000; Sullivan et al. 2003; Verweij et al. 2010) , the results from a co-relative design could provide an important evaluation of the nature of the causal relationship between CA and schizophrenia. Within the general Swedish population, CA was more strongly associated with later schizophrenia (OR 10.44) than has been observed in most prior studies (Arseneault et al. 2002; Zammit et al. 2002; Veling et al. 2008; Di Forti et al. 2009; McGrath et al. 2010) . However, previous studies have suggested that the relationship between cannabis use is dose dependent and these prior studies nearly all examined only cannabis use. Because our sample of cannabis abusers had high enough levels of cannabis use to experience adverse legal or medical consequences, the association with schizophrenia would probably be stronger than that observed in studies only assessing cannabis use. Of note, after allowing for the same 5-year prodromal period as Zammit et al. (2002) , our study produced similar results within the Swedish general population (OR 5.95) to those identified as cannabis abusers within Swedish conscripts (OR 6.70) .
Allowing 7 years from initial CA registration to later diagnosis, the risk for schizophrenia in discordant fullsibling pairs remained almost twofold. Our extrapolated MZ estimates suggest that, if familial factors were fully controlled for, the positive association between CA and later schizophrenia remained (OR 1.67). The results of this study therefore lend support to the etiologic hypothesis, that CA is one direct cause of later schizophrenia (Andreasson et al. 1987; Arseneault et al. 2002; van Os et al. 2002; Weiser et al. 2002; Zammit et al. 2002; Veling et al. 2008; McGrath et al. 2010) . The strength of the association from our full-sibling analysis is similar to that derived from the meta-analysis performed by Arseneault et al. (2004) ; however, it is important to note that the latter's outcome definition is broader than the one used in this study, including schizophreniform and other psychotic symptoms.
Our results also suggest that a large part of the CA-schizophrenia association observed in the general population is not causal and results from confounding due to shared familial factors. The pattern of ORs observed in Table 1 gives some insight into the nature of these familial factors. The monotonic decline in ORs with increasing genetic resemblance in co-relative pairs suggests that shared genetic risk factors contribute substantially to the CA-schizophrenia association. However, the consistently lower ORs seen in maternal versus paternal half-siblings suggest that familial environmental factors also influence the co-occurrence of CA and schizophrenia.
The results of our sensitivity analyses strengthen our main findings. The 'double registration' analysis increased the rigor of both CA and schizophrenia Table 3 . Odds ratios (ORs) with 95% confidence intervals (CIs) describing the risk of hospital diagnosis of schizophrenia after prior registration for different types of drug abuse in (i) a general population sample and (ii) a co-relative sample (cannabis cases excluded) (n = 269) (n = 268) (n = 101) MZ twins (extrapolated) < 1.00 < 1.00 1.9 < 1.00 MZ, Monozygotic.
diagnoses and found broadly similar patterns of association. The 'purified' schizophrenia analysis decreased the general population association (OR 7.99) but produced little overall change in the co-relative sample (compared with Table 1 ). Our first specificity analysis of the association between CA and major affective illness showed, at the population level, a significant association, albeit less robust than that seen between CA and schizophrenia. However, when controlling for familial confounding, especially with our extrapolated MZ twin pairs, the CA-affective illness association disappeared. These results suggest that, in contrast to the CA-schizophrenia relationship, the CA-affective illness association is not likely to be causal but instead results from confounding due to shared familial risk factors. Past research investigating polydrug use implicated cannabis as the substance most likely to be associated with a later diagnosis of schizophrenia (Arseneault et al. 2002; van Os et al. 2002; Zammit et al. 2002) . Our 'other substance' specificity tests (Table 3) show that, in the general population, associations between abuse of opiates, sedatives, cocaine/stimulants and hallucinogens and risk for subsequent schizophrenia were very similar to those seen for cannabis. These results are surprising, given the general lack of evidence of psychotogenic potential for opiates and sedatives (Brown & Stoudemire, 1998; Dalmau et al. 1999) . However, an examination of our co-relative results, including our extrapolated MZ twins, suggests that the associations for opiates, sedatives and hallucinogens were probably non-causal, arising instead from familial confounding. By contrast, our analyses suggest that exposure to cocaine and non-cocaine stimulants (at the level sufficient to be registered for abuse in Sweden) has a modest causal impact on future schizophrenia risk. This result is consistent with prior studies showing that stimulant abusers had an increased risk for psychosis (Mitchell & Vierkant, 1991; Chen et al. 2003) and a subsequent diagnosis of schizophrenia (Post, 1975; Callaghan et al. 2012) .
Overall, our results support the hypothesis that CA of sufficient severity to be detected in Swedish registries has an appreciable causal impact on future risk for schizophrenia. However, our findings also suggest that raw estimates of the cannabis-schizophrenia association substantially overestimate their causal association. Examination of Table 1 suggests that fully correcting for familial confounding reduces the CA-schizophrenia association by approximately twothirds. Although these results reflect those found in the meta-analysis performed by Arseneault et al. (2004) , the latter's broader outcome definition may have led to an overestimation of cases of schizophrenia that might be prevented by reduced cannabis consumption, based on population associations.
Strengths and limitations
A major strength of our study is its annual sampling of a national population from 1987 to 2010, enabling us to perform the first co-relative study of CA and later schizophrenia. Our medical data are almost complete for exposure and outcome diagnoses. Nevertheless, there are several limitations of our study that should be noted.
First, by using registry data, we relied on a hospitalbased diagnosis of schizophrenia. Many consider the gold standard to be a 'research-based' diagnosis. However, an evaluation of Swedish diagnostic procedures concluded that schizophrenic psychoses in Swedish register data had 'high positive predictive power to a standard research DSM-IV diagnosis' (Ekholm et al. 2005) .
Second, we identified CA from medical and legal records, using ICD and conviction codes to capture prevalence within our study population. Although this method has the important advantage of not requiring accurate respondent recall and self-reporting, the risk for misclassification bias remains. Furthermore, we have assumed that those admitted to hospital or convicted for cannabis use represented a subsample of heavy cannabis users, which are labeled 'cannabis abusers' in this study (i.e. it is likely that there were many more people who used/abused cannabis than those who were registered as CA). Therefore, some risk remains that CA identification in the current sample may be contaminated by evidence of prodromal schizophrenia. Because our subjects experienced adverse medical or legal consequences of their cannabis use, our results are not directly comparable to studies that examine cannabis use or even heavy cannabis use.
Third, it has been shown that in sibling and twin pair comparisons, estimates could be more biased by non-shared confounders than in unpaired (general population) estimates (Frisell et al. 2012a) . However, it is unlikely that the effects of non-shared bias would have the same influence across the four relative groups of our co-relative control design. Furthermore, that our results showed a decreasing gradient of association as familial factors increased provides a convincing case as to the nature and extent of familial confounding of the association between CA and schizophrenia. We further extrapolated our MZ twin estimates from the regression lines of our co-relative models. Although we weighted these for genetic (A) and shared environmental (C) factors, the extrapolated results will not be as robust as those derived from our actual sample and should be interpreted accordingly. In addition, ORs greater than one in our sibling or simulated MZ pairs need not imply a causal link between CA and schizophrenia. Such results could arise, totally or in part, due to environmental experiences not shared with the sibling that increase risk for both CA and schizophrenia.
Fourth, only information pertaining to first registration for CA and first admission for schizophrenia were available in the registries. Therefore, we do not in fact know when the abuse or illness started. We explored this question by examining various temporal delays between CA and first schizophrenia admission to rule out the possibility that CA arose during the psychotic prodrome. As the delay becomes longer, the number of false-positive associations (excluded cases where CA arose as a result of the prodrome and did not causally contribute to schizophrenia) probably declines but the number of false negatives (excluded cases where CA did causally contribute to schizophrenia) also probably increases. We cannot determine what delay provides the most accurate picture of the causal association.
Conclusions
In the Swedish population investigated, CA was strongly associated with subsequent schizophrenia. However, controlling for familial confounding and prodromal effects substantially reduced later schizophrenia risk, intimating that a large proportion of the observed association was non-casual. However, as shown in our full-sibling comparisons, the results of this study provide empirical evidence lending further support to the hypothesis that CA is one component cause of schizophrenia. Current and future policies should consider this, along with the other reported deleterious health outcomes associated with cannabis use, when debating the legal status of cannabis.
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